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In order to address pertinent issues in relation to the use of Warm Mix Asphalt (WMA) in pavement construction, it is imperative to
understand the eﬀects that such additives have on rheological and failure properties in service. In this study, two commercial WMA addi-
tives, a proprietary siloxane-based compound and an oxidized polyethylene wax, were added to a soft Rooﬁng Asphalt Flux (RAF), a
soft Recycled Engine Oil Bottom (REOB) tainted binder, and a somewhat harder binder containing 20% oxidized asphalt derived from
Recycled Asphalt Pavement (RAP). Binders were aged according to standard Rolling Thin Film Oven (RTFO) and Pressure Aging Ves-
sel (PAV) protocols. Selected compositions were subjected to a period of extended PAV aging for 40 h. Standard and advanced rheo-
logical and failure tests were used to predict the performance of these binders in service. Dynamic Shear Rheometer (DSR) and
Bending Beam Rheometer (BBR) tests according to SuperpaveTM protocols were done to determine performance grades. Extended
BBR (EBBR) and Double-Edge-Notched Tension (DENT) tests were done to provide further insights into durability and strain toler-
ance, properties of utmost importance to assure long term pavement performance. The ﬁndings of this study show that the addition of
the oxidized polyethylene wax WMA additive to REOB and/or RAP tainted systems can provide binders that are unstable and likely
prone to premature and excessive low temperature failure in service. In contrast, the siloxane-based WMA additive appears to be a better
choice to avoid premature low temperature and fatigue cracking distress.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Asphalt cement; Warm mix additive; Failure; Performance grading; Durability1. Introduction
In an eﬀort to reduce energy consumption and support
sustainability through the use of RAP, asphalt cement sup-
pliers and construction companies have turned their atten-
tion over the last 10–15 years to the use of WMA additive
technologies [1,2]. WMA technology involves three diﬀer-
ent types of approaches: direct foaming with steam, addi-
tion of porous inorganics that slowly release water vapor,
and chemical modiﬁcation with waxes and surfactants.http://dx.doi.org/10.1016/j.ijprt.2016.02.001
1996-6814/ 2016 Chinese Society of Pavement Engineering. Production and
This is an open access article under the CC BY-NC-ND license (http://creativec
⇑ Corresponding author. Tel.: +1 613 533 2615; fax: +1 613 533 6669.
E-mail address: simon@chem.queensu.ca (S. Hesp).
Peer review under responsibility of Chinese Society of Pavement
Engineering.The foaming processes are able to signiﬁcantly reduce
high shear viscosity and vastly increase the bulk volume
of an asphalt binder, allowing for improved wettability at
reduced production and/or compaction temperatures. Sim-
ilarly, inorganic additives are used to reduce mixing tem-
peratures through the release of microbubbles that help
reduce bulk viscosity. Finally, chemical processes utilize
waxes, fatty acid amine type and siloxane type surfactants,
typically decreasing compaction temperatures through a
reduction in high shear viscosity and improved lubricity
between aggregate particles.
The use of WMA was originally driven by eﬀorts to
reduce production and compaction temperatures in order
to save on energy costs, reduce harmful emissions and mit-
igate safety risks associated with the handling of hot
asphalt. However, an increasing number of constructionhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
Table 1
Pertinent information on asphalt binders evaluated in this study.
Sample Binder type Additive Dose, weight%
A AC-1 Siloxane 1
B AC-1 Wax 2
C AC-2 Siloxane 1
D AC-2 Siloxane 2
E AC-2 Wax 2
F AC-2 Wax 4
G AC-3 Siloxane 1
H AC-3 Wax 2
AC-3 = AC-2 + 20% RAP derived binder.
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at temperatures similar to those for Hot Mix Asphalt
(HMA). This allows for the use of higher RAP contents
while still reaching air void targets within a reasonable
compaction eﬀort.
Organic WMA have been categorized as surfactant and
wax based [1,2]. The additives based on surfactants func-
tion by lowering the viscosity of the binder and also pre-
vent moisture damage by facilitating the wetting of
aggregates at construction and service temperatures. Wax
based additives are designed to improve the ﬂow properties
of the asphalt by lowering its viscosity above the wax melt-
ing point and also increasing the binder’s stiﬀness at a tem-
perature below the melting point.
The objectives of this study were to investigate the
eﬀects of two commercial warm-mix additives, a propri-
etary siloxane-based surfactant and oxidized polyethylene
wax, on the quality and durability of a superior quality
asphalt and two lesser quality asphalts. The superior qual-
ity material used for this investigation was a soft RAF pro-
duced from Cold Lake crude oil. The lesser quality
materials were obtained from a commercial source in
northern Ontario and by blending 20% oxidized asphalt
binder recovered from a local RAP source with the RAF
base. The commercial source binder was found to be
tainted with 10–15% by weight of REOB [3]. REOB is
the residue left over from the recycling of used engine oil
and contains a high amount of waste metals and degraded
engine oil dispersants. The asphalt binders were mixed with
one, two or four percent of the WMA additives prior to
aging and performance based testing.
2. Materials and methods
2.1. Materials and sample preparation
The materials employed in this study were obtained
from commercial sources. These materials comprised
asphalt cements and two WMA additives. Commercial bin-
der AC-1 was obtained during the reconstruction of a
stretch of Highway 655 in northeastern Ontario [3]. RAF
binder AC-2 was obtained from the Imperial Oil of Canada
reﬁnery in Nanticoke, Ontario. RAP-modiﬁed binder AC-3
was obtained by blending 20 weight percent of a binder
recovered from a local RAP source with AC-2.
The two WMA additives used in this study were a
siloxane-based surfactant sold under the TEGO ADDI-
BIT tradename [4] and an oxidized polyethylene wax sold
under the EE-2 grade [5]. TEGO ADDIBIT was obtained
from Evonik Industries of Piscataway, New Jersey in the
United States of America [4]. This warm-mix additive is
an organically-modiﬁed siloxane foam stabilizer which
has a function of improving the wettability and foam sta-
bility of asphalt cements. TEGO ADDIBIT is also char-
acterized by its ability to control emissions of amines in
the course of asphalt processing [4].The oxidized polyethylene wax EE-2 was obtained from
Westlake Chemicals of Houston, Texas in the United
States of America [5]. This additive is reported to stabilize
asphalt at high temperatures through the wax functionality
in order to control rutting behavior in service. It has a
remarkable eﬀect on the construction of asphalt pavement
due to its ability to lower high shear viscosity during com-
paction. Similar products are marketed under the Titan
tradename by Honeywell of Morristown, New Jersey in
the United States of America, and the Ceranovus
tradename of Green Mantra Technologies of Brantford,
Ontario, Canada.
The samples investigated, as shown in Table 1, were pre-
pared by adding the two WMA additives to the hot asphalt
cements (AC-1, 2 and 3) in a set of one gallon paint cans
followed by vigorous stirring at 150 C for at least
15 min. RAP derived binder was added to the modiﬁed
RAF samples in a one liter can and mixed under similar
intensity for equal duration for further investigation.
2.2. Superpave grading
All straight and modiﬁed binders were aged in both the
RTFO and PAV according to American Association of
State and Transportation Highway Oﬃcials standard pro-
cedures (AASHTO T240 [6] and AASHTO R28-09 [7]). In
addition, the durability of modiﬁed binders G and H was
evaluated in accordance with Ministry of Transportation
of Ontario (MTO) laboratory standard LS-228 Modiﬁed
Pressure Aging Vessel protocol [8]. The modiﬁed PAV pro-
tocol ages binders for a total of 40 h or for the normal 20 h
in a reduced ﬁlm thickness of 1 mm rather than the normal
3.2 mm. This study only investigated the eﬀect of aging
time in the PAV since it is known to provide a more real-
istic correlation with ﬁeld aging for 8–10 years of service
in Ontario’s climate.
Properties were assessed according to Superpave proto-
cols which comprise high temperature grading in a DSR
[9], intermediate grading in a DSR [9], and low temperature
grading in a BBR [10]. The high temperature grades of the
unaged and RTFO residues and the intermediate tempera-
ture grades of the PAV residues were determined using a
TA Instruments AR2000ex with parallel plate geometry.
Fig. 1. DENT specimens with 5, 10 and 15 mm ligaments just prior to
testing in a force ductilometer [13]. Note:Water was left out of the bath to
improve image quality.
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modulus divided by the sine of the phase angle (G*/sind)
of 1.0 kPa and the RTFO residue reaches a G*/sind of
2.2 kPa were used to determine the high temperature per-
formance grade [11]. The lower of the two temperatures
sets the limiting grade. The temperature where the PAV
residue reaches a complex modulus multiplied by the sine
of the phase angle (G*  sind) of 5.0 MPa sets the interme-
diate grade [11].
The low temperature grades were obtained for PAV resi-
dues in a Cannon Instruments Thermoelectric BBR. The
warmer of the two temperatures, where the creep stiﬀness
at 60 s loading, S(60), reaches 300 MPa, or the slope of
the creep stiﬀness master curve, the so-called m(60)-value,
reaches 0.3, sets the limiting low temperature grade accord-
ing to the AASHTO M320 speciﬁcation [11].
2.3. Extended BBR grading
The PAV residues were assessed for physical hardening
behavior in the BBR after 72 h of conditioning at cold tem-
peratures, according to Ministry of Transportation of
Ontario method LS-308 Performance Grade of Physically
Aged Asphalt Cement Using Extended Bending Beam
Rheometer Method [12]. In this study, the temperatures at
which the samples were conditioned were maintained at
18 C and 8 C, for periods of 1, 24 and 72 h prior to
testing. Low temperature grades were determined accord-
ing to regular AASHTO M320 criteria where the warmer
of the two temperatures determines the grade [11]. The
EBBR protocol assesses a binder’s tendency to physically
harden during conditioning. The low temperature grade
and the grade loss after 72 h of conditioning provide a mea-
sure of durability in service and have been shown to corre-
late well with the long term pavement performance.
2.4. Double-Edge-Notched Tension testing
In order to evaluate ductile strain tolerance and failure
properties of binders, the DENT test was carried out using
a PetroTest DDA-3 force ductilometer. Tests followed
Ministry of Transportation of Ontario method LS-299
Asphalt Cement’s Resistance to Fatigue Fracture Using
Double-Edge-Notched Tension Test [13]. Testing was done
at 15 C and at a loading rate of 50 mm/min after 2 h of
conditioning at the test temperature.
For each asphalt binder, replicate DENT specimens
were tested with ligaments L of 5, 10 and 15 mm (six spec-
imens total for each binder composition), at a constant rate
until failure. Fig. 1 provides a photograph of three DENT
specimens just prior to testing [13]. The area under the
force–displacement curve was determined as the total work
of failure (Wt). This total work as divided by the cross sec-
tional area of each specimen’s ligament (L  B, where B is
the specimen thickness as measured with a digital caliper),
provides the speciﬁc total work of failure (wt). Extrapo-
lated to a zero ligament length this provided the speciﬁcessential work of failure (we), which reﬂects the energy
required to separate a tiny ﬁber (ﬁbril) of asphalt cement
in a ductile fashion.
An approximate critical crack tip opening displacement
(CTOD) was calculated to assess the strain tolerance of the
modiﬁed binders [13]. The approximate CTOD was calcu-
lated as the speciﬁc essential work of failure divided by the
average net section stress in the 5 mm ligament specimens
and provides a measure of how far a ﬁbril of asphalt
cement in between coarse aggregate particles can stretch
before it fails. As such it has been found to correlate well
with fatigue cracking performance since binders that can
stretch more in the presence of severe conﬁnement are less
likely to show fatigue distress [13]. The CTOD is speciﬁed
according to the low temperature performance grade of the
asphalt cement with acceptance criteria increasing for
softer asphalt binders used in more northerly climates.3. Results and discussion
3.1. Superpave grading
Superpave grading was employed to characterize the
performance of the binders at high temperatures, interme-
diate temperatures and low temperatures [11]. In view of
this, the grade spans of the modiﬁed binders were deter-
mined to distinguish the lesser quality modiﬁed asphalts
from the superior quality materials. According to the
Superpave speciﬁcation, the higher the grade span the bet-
ter the performance of the asphalt cement. The high, inter-
mediate and low temperature grades (HTPG, ITPG and
LTPG) for all the investigated binders are given in Fig. 2
while the grade spans are given in Fig. 3.
From these results it is obvious that the siloxane in bin-
ders A, C, D and G consistently reduces the grade span
while the oxidized polyethylene wax in binders B, E, F
and H increases it. The eﬀect of the 20% RAP in binders
G and H is to increase the grade span by a very small
amount over that of the corresponding binders C and E.
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Fig. 2. High, intermediate and low temperature Superpave grades for all
investigated binders.
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Fig. 3. Superpave grade spans for all investigated binders.
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Fig. 4. Black space diagram for RAF + 20% RAP + 1% siloxane from
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Fig. 5. Black space diagram for RAF + 20% RAP + 2% oxidized
polyethylene wax at temperatures from 34 C to 82 C.
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The DSR was also used to measure the complex modu-
lus (G*) and phase angle (d) of the residues at ﬁve frequen-
cies and varying temperatures from 10 C to 34 C, used
to construct Black space diagrams. Black space diagrams
can be used to characterize asphalt binders as either rheo-
logically simple or complex. Rheologically simple binders
exhibit a single phase system over the temperature and time
domains studied whereas rheologically complex binders
exhibit two or more phase systems. This implies that at
varying temperatures, a rheologically simple binder would
show continuity in the progression of curves of logG* ver-
sus phase angle. On the other hand, a complex binder
would show signiﬁcant discontinuity due to phase
separation.
Figs. 4 and 5 display examples of Black space diagrams
for two of the investigated binders. Fig. 4 depicts rheolog-ically simple behavior of the PAV residue of binder G con-
taining RAF, 20% RAP and 1% siloxane WMA at low
temperatures.
Rheologically complex behavior as shown in Fig. 5
could be explained by the occurrence of phase separation
at high temperatures where the RAF with 20% RAP and
2% oxidized polyethylene wax changes from a sol-type
material to a predominant gel-type material. A sol is
deﬁned as a largely Newtonian liquid with little or no elas-
ticity, delayed elasticity or non-linearity whereas a gel is
deﬁned as a material with signiﬁcant non-linear behavior.
Gels are less able to ﬂow at ambient and warmer tempera-
tures compared to sols and therefore produce asphalt bin-
ders that are more prone to thermal and fatigue cracking
distress.
3.3. Extended Bending Beam Rheometer grading
The EBBR analysis, according to MTO’s laboratory
standard test LS-308 Performance Grade of Physically Aged
Asphalt Cement Using Extended Bending Beam Rheometer
Method [12], was used to evaluate the rate of physical hard-
ening of the modiﬁed binders. Samples were conditioned
for 1, 24 and 72 h at temperatures of 8 C and 18 C.
Such protocol provided more accurate low temperature
grades for these binders. The results as provided in Figs. 6
and 7, show that the REOB contamination in AC-1, the
oxidized polyethylene wax WMA, the RAP and the
extended PAV aging for binders G and H, all contribute
to signiﬁcant losses of more than 3 C in low temperature
-28
-22
-32 -32
-33
-26
-27
-23
-40
-34
-28
-22
-16
A B C D E F G H
LT
PG
, º
C
Fig. 6. Low temperature performance grades after extended cold condi-
tioning at 8 C and 18 C.
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Fig. 7. Three day grade losses after extended cold conditioning at 8 C
and 18 C.
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Fig. 9. Change in approximate CTOD values for ductile failure in binders
C and E when aged at 20 and 40 h in the PAV as tested at 15 C and
50 mm/min.
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siloxane modiﬁed systems in A, C and D suﬀer little from
the detrimental eﬀects of physical hardening. Even the oxi-
dized polyethylene wax in the good quality Cold Lake bin-
der AC-2 does not appear to suﬀer much, although these
systems were PAV-aged for only 20 h.
The diﬀerences in grade loss as shown in Fig. 7 are sig-
niﬁcant. A loss of 6 C typically reduces the conﬁdence that
a given pavement is not exposed to damage in a given year
from the intended 98% to around 50%. Further, the diﬀer-
ence of 6 C also leads to thermal stresses for the poor per-
former that are signiﬁcantly higher than for the good
performer. So, the diﬀerence between the best performer
D and the worst performers B and H can likely lead to
opposite cracking performance.
3.4. Double-Edge-Notched Tension testing
While the low temperature properties are of paramount
importance to thermal and fatigue cracking, the ductile
failure properties are also thought to be of relevance, espe-
cially in moderate climates with high traﬃc volumes. Duc-
tile properties of the modiﬁed binders were assessed by
conducting the DENT test according to Ministry of Trans-
portation of Ontario method LS-299 Asphalt Cement’s
Resistance to Fatigue Fracture Using Double-Edge-
Notched Tension Test [13]. The CTOD property addresses
fatigue cracking in service. High CTOD values imply that
the binder can stretch far before failing and therefore pave-
ments constructed with such material suﬀer less from fati-
gue cracking.
The CTOD values for all binders are provided in Fig. 8.
The results show that the siloxane is once again superior
from a ductile failure perspective compared to the wax
modiﬁer.The more severe aging and the presence of RAP in bin-
ders G and H also reduce the strain tolerance even further.
The minimum CTOD for PG-28 and PG-34 binders in
Ontario are currently set at 10 and 14 mm, respectively.
Hence, most of these binders are strain deﬁcient and are
thus likely to suﬀer from early and excessive fatigue crack-
ing distress in addition to thermal cracking.
A ﬁnal issue investigated was the eﬀect of PAV aging
time by doubling the regular 20–40 h for the C and E bin-
ders. Fig. 9 shows that under more severe aging conditions
the siloxane loses strain tolerance more signiﬁcantly.
Hence, the question of what modiﬁer is better is not a
straight one to answer. Only well controlled and carefully
monitored ﬁeld trials would provide more conclusive
answers on which additives are beneﬁcial and which ones
deserve additional scrutiny.
4. Conclusions
Based on the results presented in this paper, the follow-
ing summary and conclusions are given:
 The use of oxidized polyethylene wax and a siloxane-
based WMA appear to have opposite eﬀects on asphalt
cement durability.
 Siloxane-based WMA appears to soften the asphalt bin-
der while wax-based WMA hardens it.
 Regular Superpave grades are rather insensitive to the
addition of small quantities of additives.
 Wax-based WMA appears to suﬀer from the eﬀects of
cold conditioning with grade losses of over 6 C in poor
quality binders that were tainted with REOB or RAP.
88 I. Omari et al. / International Journal of Pavement Research and Technology 9 (2016) 83–88 Better quality RAF was more tolerant to the presence of
both siloxane- and wax-based WMA.
How the above conclusions relate to ﬁeld performance will
need to be determined with well-controlled and monitored
pavement sections.
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